This study investigated the effect of a steam-explosion pre-treatment on the anaerobic digestion of the two-phase olive mill solid waste (OMSW) or alperujo. The OMSW was subjected to a steam explosion pre-treatment at 200ºC and 16 kg/cm 2 (1.57 MPa) during 5 min. After this pre-treatment a solid fraction (SF) and a liquid fraction (LF) were generated. These two fractions were used to obtain methane through anaerobic digestion with the aim of evaluating the effect of the pre-treatment on the methane yields obtained. Biochemical methane potential (BMP) tests of both untreated OMSW and steam-explosion pre-treated OMSW, i.e. SF and LF, as described above, revealed that the maximum methane yield (589 ± 42 mL CH 4 /g VS added ) was achieved for the LF generated after the pre-treatment. From a kinetic point of view the BMP tests of untreated OMSW and the SF obtained after the pre-treatment showed a first exponential stage followed by a second sigmoidal stage after a lag period. By contrast for the LF, only a single exponential stage was observed.
Introduction
The olive oil industry is one of the more important industrial sectors in Spain, in which the 90% of the olive oil is produced by the two-phase olive oil extraction system.
In the two-phase system the water consumed during the elaboration process is very low and the volume of liquid wastes generated are also lower (0.25 L of liquid effluents/kg olives processed vs 1.24 L of liquid effluents/kg olives processed in the three-phase system), these volumes make the two-phase extraction system more environmental friendly than the previous three-phase olive oil extraction system (Alba, 1997) . In the two-phase extraction system oil and a solid waste with a high percentage of humidity (65-70%) called olive mill solid waste (OMSW) or alperujo are generated. Spain is the largest producer of olive oil in the world, hence, it is also the biggest producer of olive oil mill wastes with 4-5 million tons of OMSW or alperujo per year (SMAFE, 2016) .
The two-phase OMSW is usually composed by water, with an organic fraction containing fats, proteins, sugars, organic acids, lignin, cellulose, hemicellulose, pectins, gums, tannins and polyphenols. It is acidic, almost black in colour, and has a smooth doughlike structure. It is also rich in inorganic constituents, especially potassium. The toxic character of this waste is due to its concentration of phenolics (Borja et al., 2002) .
The high pollution potential and large volumes of these solid wastes generate serious environmental problems for Spain and in particular for Andalucía, the region where most of the mills are located.
Currently, the pomace olive oil industries use the alperujo as biomass for energy generation, after drying and extracting the pomace olive oil. The high humidity and organic content of alperujo makes the drying process the more expensive step in the industry (García-Ibañez, et al., 2004) . At present, the electricity generation is being funding by the Spanish Government, but the reduction of this help makes necessary to find new alternatives to get the total utilization of the waste through its valuable components. To treat successfully lignocellulosic materials special pre-treatments, like physical, biological or chemicals, must be applied. The utilization of this olive waste must be also focused on the recovery of bioactive components (Fernández-Bolaños et al., 2002) simultaneously diminishing the bio-toxicity of alperujo for further bioprocesses application like methane generation by anaerobic digestion.
Anaerobic digestion is a highly efficient process which produces methane as a final product, which can be used as an energy source for electricity and on-site heating due to its high heating value (35,793 kJ/m 3 at STP -standard temperature and pressure:
273 K, 101325 Pa-conditions) (Chanakya et al., 2014; Nielfa et al., 2015; Xue et al., 2015) . Anaerobic degradation of particulate materials and complex compounds occurs in four steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis. Hydrolysis is generally the rate-limiting step when bacteria release extracellular enzymes that break down and further solubilise organic particulate matter to be used as substrate in subsequent reactions (Jackowiak et al., 2011) . Therefore, to improve digestion efficiency, the most productive approach is to disrupt the chemical bonds in the material to be subjected to hydrolysis. In fact, the structure and composition of lignocellulosic compounds makes its anaerobic digestion especially difficult (Jeihanipour et al., 2011) .
In addition, the presence of lignin in this structure acts as a physical barrier that induces a non-productive adsorption of the enzyme. Thus, with a view to disrupting the lignocellulose structure of the wastes in order to increase its anaerobic digestibility, pretreatments would appear to be not only ideal but also necessary in some cases.
The "Steam Explosion" (SE) process is commonly used for lignocellulosic material pre-treatment. In this method, biomass particles are heated with high-pressure saturated steam for a short period of time and the pressure is swiftly reduced to terminate the reactions, which causes the biomass to undergo an explosive decompression. Typical pre-treatment temperature, pressure and time fall within the ranges of 160-260 ºC, 0.69-4.83 MPa, and several seconds to a few minutes, respectively. Under these conditions, hemicellulose is hydrolysed into its component sugars and lignin is transformed to a certain degree, thus making pre-treated biomass more degradable (Zheng et al., 2014) . The use of these technologies for alperujo revalorization has studied successfully obtaining two phases, a liquid rich in phenols and sugars, and a solid phase partially detoxified rich in oil and cellulose . The SE treatment leads to break a part of the lignocellulosic structure also making the cellulose more accessible to enzymatic processes than untreated cellulose (Rodríguez et al., 2007b) . In this way the hydrolysis is easier for the hydrolyticacidogenic bacteria and the results could be better than when the lignocellulosic structure is intact. The use of the Steam-thermal pre-treatment could improve the results of a biological treatment of these wastes.
Some authors have found that a SE pre-treatment affected the methane yield obtained from different substrates compared to the results obtained without pretreatment. In this way, biochemical methane potential (BMP) tests were conducted recently at laboratory scale to determine the specific methane yields of un-/pre-treated barley straw (thermal pressure hydrolysis). A methane potential of 228 ml CH 4 /g VS was measured for untreated barley straw; and of 251 ml CH 4 /g VS for thermal pressure hydrolysis-straw (190 °C, 30 min) (Schumacher et al., 2014) . Thermal hydrolysis has led to an increase of the methane productions (up to 50%) and kinetics parameters (even double) in the anaerobic digestion processes of six different solid wastes, among them municipal solid wastes (MSW), organic fraction of municipal solid wastes, grease wastes, spent grains, etc. (Cano et al., 2014) . The assessment of the biodegradability of thermal steam-exploded pig manure was performed compared to untreated samples. The pre-treatment was performed under different combinations of temperature and time, ranging 150-180 °C and 5-60 min, and used as substrate in a series of batch BMP tests.
Results were analysed in terms of methane yield, kinetic parameters and severity factor.
For all the pre-treatment conditions, methane yield and degradation rates increased when compared to untreated pig slurry. An ANOVA study determined that temperature was the main factor, and the optimum combination of temperature-time of pre-treatment was 170°C -30 min, doubling methane production from 159 to 329 mL CH 4 /gVS fed .
These operation conditions correspond to a severity factor of 3.54, which was considered an upper limit for the pre-treatment due to the possible formation of inhibitory compounds, hindering the process if this limit is exceeded (Ferreira et al., 2014) . In this sense, the BMP of steam exploded wheat straw was evaluated in a pilot plant under different temperature-time combinations. The optimum was obtained for 1 min and 220 °C thermal pre-treatment, resulting in a 20% increase in methane production respect non-treated straw. For more severe treatments the biodegradability decreased due to a possible formation of inhibitory compounds (Ferreira et al., 2013) . SE was also used to improve methane production of bulrush showing a higher methane yield than the simple raw. Specifically, a maximum methane yield of 205.3 mL per degradable volatile solid was obtained at 11.0% moisture, 1.72 MPa steam pressure, and 8.14 min residence time. The breakage and disruption of rigid lignin structure by SE was confirmed by thermo-gravimetric analysis (Wang et al., 2010) .
The aim of this study was to evaluate the influence of a SE pre-treatment on the characteristics of two-phase OMSW and methane yield in BMP tests compared to an untreated OMSW. A kinetic study of the different stages involved in the methane production of the solid and liquid fractions generated after the pre-treatment was also carried out. There are not previous studies in the literature about the influence of SE pre-treatment of this substrate on its anaerobic digestion process.
Materials and methods

Two-phase OMSW
The two-phase OMSW used in the experiments was collected from an olive oil mill located in the Instituto de la Grasa (CSIC) of Seville (Spain). The olive variety was Lechín. OMSW was sieved through a 2 mm mesh to remove olive stone pieces. The sample was immediately treated in the SE reactor and anaerobically digested through a BMP test assay. The characteristics of the sieved two-phase OMSW are given in Table   1 .
Steam-explosion pre-treatment
The SE pre-treatment was carried out in a flash hydrolysis laboratory pilot unit designed in the Instituto de la Grasa (Seville, Spain), equipped with a 2 L reactor stainless-steel (maximum operating pressure of 4.12 MPa).
The temperature (200 ºC) and reaction time (5 min) were selected with the aim of achieving an important effect on the cellulose and to solubilise a great part of phenols and sugars. The reactor was filled with 900 g of moist sample and directly heated to desired temperature with saturated steam until a pressure of 1.57 MPa. After hydrothermal treatment, the solid and liquid products were recovered and stored at 6ºC for further analysis prior to the anaerobic digestion process application. The main characteristics and features of these pre-treated wastes are shown in Table 1 .
BMP tests
BMP tests were carried out in reactors with an effective volume of 250 mL placed in a thermostatic water bath at mesophilic temperature (35±2ºC). Reactors were continuously stirred at 500 rpm. The inoculum to substrate ratio used was 2 on a VS basis. A trace element solution was also added to each digester. The composition of this solution is given in detail elsewhere (Rincón et al., 2010) . Two reactors with anaerobic inoculum and trace elements solution but with no added substrate were used as controls to substract possible methane production due to biomass decay and the possible presence of residual substrate in the inoculum. Triplicates were carried.
The methane produced was measured by liquid displacement passing the biogas through a 3N NaOH solution to capture CO 2 on the assumption that the remaining gas was methane. The anaerobic digestion experiments were run until the last day production was lower than 2% of the accumulated methane.
Inoculum
The inoculum used in the BMP experiments was taken from a full-scale anaerobic reactor treating brewery wastewater and operating at mesophilic temperature. The main characteristics of the anaerobic inoculum used were: pH: 7.5 and VS: 22.2 g/L. CODs, TKN, AN, TS and VS were carried out according to the Standard Methods (APHA, 1998). CODs was determined using a closed digestion by method 5220D. TKN was analyzed using a method based on the 4500-N org B and AN was determined by distillation and titration according to the method 4500-NH 3 E . TS and VS were determined according to the methods 2540B and 2540E. CODt was determined as described previously (Rincón et al., 2013) . The determination of the total phenolic content was carried out according to the Folin−Ciocalteu method and expressed as grams of gallic acid equivalents per liter of liquid (Singleton and Rossi, 1965) . For simple phenols, an aliquot from the water soluble fraction, after hydrothermal treatment, was filtered through a 0.45 m membrane and used for direct HPLC determination of the main simple phenols, 3,4-dihydroxyphenylethanol or hydroxytyrosol (HT), 3,4-dihydroxyphenylglycol (DHPG), tyrosol (Ty) and ferulic acid, besides sugar degradation product like hydroxymethylfurfural (HMF) or furfural. HPLC was performed with a Hewlett-Packard Series 1100 liquid chromatography system equipped with an ultraviolet-visible detector and a Mediterranea sea 18 analytical column (250 x 4.6 mmm i.d.; particle size = 5 m) (Teknokroma, Barcelona, Spain). Elution was performed at a flow rate of 1.0 mL/min. The mobile phases were 0.01% trichloroacetic acid in water and acetonitrile utilizing the following gradient over a total run time of 55 min: 95 % A initially, 75 % A at 30 min, 50 % A at 45 min, 0 % A at 47 min, 75 % A at 50 min, 95 % A at 52 min until the run was completed. Chromatograms were recorded at 280 nm. Quantification was carried out by integration of peaks at different wavelengths with reference to calibrations made using external standards.
Standard compounds: A standard of HT was obtained from Extrasynthese (Genay, France), DHPG, ferulic acid, HMF and furfural were obtained from Sigma-Aldrich (Deisenhofer, Germany) and the Ty from Fluka (Buchs, Switzerland).
Results and discussion
3.1. Influence of the steam-explosion pre-treatment on the fiber composition of the OMSW Table 2 shows the values of the cellulose, hemicellulose and lignin before and after the SE pre-treatment. The hemicellulose diminished with the pre-treatment from 11.3% to 5.8%, this decrease was accompanied by an increase in the cellulose from 5.2% to 10.5%. During the SE treatment an auto-hydrolysis process occurs, in the autohydrolysis process the hemicelluloses and part of the cellulose are hydrolyzed to more simple sugars, remaining the major part of the cellulose in the SF. Because a high percentage of the solid is solubilized in the SF (up to 60%) the cellulose and the oil are concentrated according to the solid reduction (Rodríguez et al., 2007b) . Similar results were found by Wang et al. 2010 for bulrush SE pre-treatment working at a pressure of 1.72M Pa and 8.14 minutes of residence time. These authors found an increase in the cellulose percentage from 36.1% to 39.8% after the pre-treatment (Wang et al., 2010) .
The lignin content was very similar for both the untreated OMSW and the SF obtained after the pre-treatment. Teghammar et al. (2010) also found the same little effect on the removal of lignin for paper tubes residuals treated with different SE pre-treatments (190ºC during 10 min, 220ºC during 10 min and 220ºC during 30 min). Specifically, the last authors always obtained the same 23% (w/w) of lignin content for both the untreated paper tubes and the pre-treated paper tubes at 190ºC during 10 min and at 220 ºC during 10 and 30 min (Teghammar et al. 2010 ). In the same way, a little decrease from 15.0% to 14.1% in the lignin concentration was reported by Wang et al. (2010) after the SE pre-treatment of bulrush at the above-mentioned conditions.
3.2. Influence of the steam-explosion pre-treatment and the anaerobic digestion on the phenolic composition of the LF The SE pre-treatment allows the separation of the alperujo into a LF and a SF.
The LF is enriched in phenols and sugars, being the most important simple phenols the DHPG, the HT and the Ty. Table 3 shows the concentration of the phenols obtained in the LF before and after the anaerobic digestion. The severity of the SE leads to the formation of degradation products of sugars, it is the case of the HMF or the furfural. Figure 1 shows the phenolic chromatographic profile of the LF obtained after the SE pre-treatment and before and after the BMP test, the effluents obtained after the BMP test of the SF and the control reactor of the BMP test.
Because the furfural is a volatile compound, its concentration in the LF diminishes drastically after the SE pre-treatment, this compound has been identified but not quantified (Figure 1) . The LF obtained after the SE pre-treatment has a high concentration of DHPG, while the concentration of HT and Ty was low, probably because the sample of alperujo was collected earlier in the season. The percentage of HT referred to dry initial matter was 0.62%, while it has been reported a HT concentration for this kind of alperujo of 1-1.5% (Fernández-Bolaños et al., 2002) .
However, the concentration of total phenols was high, over 3 g/L, indicating the presence of condensed and conjugated phenols.
After the anaerobic digestion process, the major part of the phenols was removed, remaining the more recalcitrant or condensed phenols and traces of HT. The control or the liquid in which the microorganisms were initially present did not contribute to increase significantly the concentration of total phenol, but increased the number of unknown compounds in the chromatographic profile (Figure 1 ). The profiles show how the peaks of DHPG, HMF, furfural, Ty and ferulic acid disappeared. Despite that all of them have toxic activity for the bioprocess application (Fernández-Bolaños et al., 2004) , but the application of the thermal treatment allows treating each phase separately, the LF rich in nutrients like sugars and the solubilized toxics, and the SF partially detoxified rich in a more accessible cellulose (Rodríguez et al., 2007b) .
3.3. Influence of the SE pre-treatment on the BMP Figure 2 illustrates the variation of the specific methane yield (mL CH 4 /g VS added )
against time for the BMP tests carried out for untreated OMSW, LF and SF obtained after the SE pre-treatment.
The methane yields achieved after 23 days of digestion were 589±42 and 263±1 mL CH 4 /g VS added for LF and SF, respectively, and 366±4 mL CH 4 /g VS added for untreated OMSW. The LF obtained after the pre-treatment gave a higher methane yield compared with that obtained for OMSW without pre-treatment. In the LF all the sugars and soluble matter were realized after the pre-treatment and the methane production obtained was very high. LF led to an increase of 60.9% in the methane yield with respect to the value obtained for the untreated OMSW. The SE pre-treatment increases the accessible surface area and decreases the crystallinity of the material (Teghammar et al., 2010) improving the action of bacteria and methanogenic archaea in the anaerobic digestion process and increasing the methane yields.
High concentrations of HMF and furfural in the pre-treated substrates could be toxic and inhibit the growth of bacteria and archaea (Hernández et al., 2008) . The results obtained in this study suggested that the microorganisms responsible for the anaerobic digestion process were adapted and acclimated to the high concentrations of phenols achieved for the LF as the anaerobic process was carried out with good results achieving a high methane yield and these compounds disappeared in the final effluents of the process as shown in Table 3 . Other authors revealed the need of select the proper conditions in the SE pre-treatment to avoid the formation of toxic inhibitory compounds at high concentrations (Belay et al., 1997) . It has been also indicated that a too harsh pre-treatment of lignocellulosic biomass may result in a lower methane yield. The reason is that when lignin is broken, there is a risk of formation of phenolic and heterocyclic compounds from hemicellulose and cellulose degradation, like furfural and HMF, which are known to inhibit many microorganisms, including those involved in the biogas generation (Jeihanipour et al., 2011) . According to Belay et al. (1997) the concentration of furfural that inhibits methanogens varies from 2400 to 3000 mg/L (Belay et al., 1997) .
Some studies reported in the literature show an increase in the methane yield of steam pre-treated wastes as compared with the untreated ones. For instance a SE pretreatment allowed enhancing the biodegradability of the solid fraction of pig manure. Ferreira et al. (2014) found a doubling methane production from 159 to 329 mL CH 4 /g SV added . In the latter case, the pre-treatment time used (30 min) was much higher than that used in the present work (5 min) (Ferreira et al., 2014) .
BMP tests of pig slurry subjected to SE pre-treatment at 170ºC during 30 min showed a maximum methane production up to 200 % higher than that obtained for untreated solid fraction of pig manure (Ferreira et al., 2014) . In the same way, Cano et al. (2014) found that thermal hydrolysis lead to an increase in the methane productions (up to 50%) and kinetics parameters (even double) giving very promising results for a full-scale plant working with municipal solid wastes with net benefits of almost 0.5M€/year (Cano et al., 2014) .
There are economic studies about wheat straw and paper tube residuals which concluded that SE pre-treatment before anaerobic digestion can significantly improve the economy of biogas production plans. The combination SE plus anaerobic digestion is identified as a promising and economically feasible alternative for renewable energy production (Shafiei et al., 2013) .
From 900 g of SE pre-treated alperujo (74% humidity), 10.8 L of LF and 93.6 g of SF were obtained with a 60% of reduction in solids achieved. Taking into account the methane yields obtained by anaerobic digestion, the overall or total volume of methane obtained for pretreated fractions, SF and LF, was 86.34 L while the total volume obtained for untreated OMSW was 75.11 L. Besides the increase in the methane production obtained (14.95%), another source of benefits obtained from the SE pretreated OMSW is represented by the phenols released in the LF, which could be used as antioxidants for food applications before the anaerobic digestion process giving an important added value to the process.
The SE pre-treatment plus anaerobic digestion studied in this work is a promising alternative for renewable energy production from OMSW or alperujo. The SE pretreatment allowed obtaining very high methane yields from the LF which was enriched in phenols and sugars and from the SF partially detoxified and rich in accessible cellulose.
The energetic consumption of the SE treatment in a pilot plant for the alperujo samples is mainly based in the steam generation, the electricity for the air pressure production for the automatic valves and the electric control of the process. For a batch reactor preheating the reactor chamber and working in a range of treatment of 160-240 ºC for 5 minutes and with 250 g of sample (fresh alperujo (70% of humidity)) the estimated range of energy consumption is of 4.3-10.8 MJ/kg.
In an industrial and continuous reactor the energy consumption is lower because the residual heat of the treated sample can be used for preheating. The industrial value of energy consumption in a SE reactor for the OMSW must be close to other agro industrial wastes like the wood (Rockwood and Kirst, 2012) . In these reactors the energy used is around 1.8MJ per kg of waste for a 210 ºC pretreatment. In this paper the energy obtained by the methanization is 3.43 MJ/kg of fresh alperujo, that can cover the energy demand for the thermal pretreatment, and even produce a positive balance of energy.
Influence of steam-explosion pre-treatment on the process kinetics
For the untreated OMSW and the SF obtained after the SE pre-treatment ( Figure   2 ) two different stages in the methane production were markedly observed: a first stage during the first 4-5 days of digestion followed by a second one consisting in an intermediate lag period and a growing part in which the methane production rate increased gradually to reach almost zero after 23 days of digestion.
In order to simulate the two stages observed and to estimate the kinetic and performance parameters, two different models were used. A first-order exponential model for the first stage which is frequently suitable to easily biodegradable substrates (Li et al., 2012 ) and a second sigmoidal or logistic model with its three characteristic phases, i.e. a lag, an initial exponential increase and a final stabilization step at a maximal production level (Donoso-Bravo et al., 2010) . This model assumes that the rate of methane production is proportional to the amount of methane already produced, the maximum production rate and the maximum capacity of methane production (DonosoBravo et al., 2010) . Batch digestion experiments of energy crops (i.e. maize, oat, ryegrass and wheat) at mesophilic temperature indicate that the rate of anaerobic digestion of these substrates into methane may first reach its maximum rate after several days of digestion and show that the cumulative methane production pattern from these crops followed a sigmoidal, rather than an exponential shape curve (Nielsen and Feilberg, 2012) .
For the LF only the exponential stage was observed as in this fraction there was no cellulose, hemicellulose or lignin and no lag phase was observed (Figure 2 ). The presence of sugars and easily degradable compounds in this LF was basically the responsible for this very fast biodegradation. Similar BMP curves with only one stage were observed during the anaerobic digestion of barley straw after SE pre-treatment at temperatures and times in the ranges of 160-190 ºC and 5-30 min, respectively (Schumacher et al., 2014) .
A first-order exponential model was applied for the first experimental step of methane production or exponential stage (from 0 to 4-5 days) for the untreated OMSW and the SF and for the complete experiment (23 days) in the case of the pre-treated LF. This model is given by the following equation:
where: k is the specific rate constant or apparent kinetic constant (days -1 ), t is the digestion time (days), B 1 is the cumulative specific methane production (mL CH 4 /g VS added ) and B max is the ultimate methane production (mL CH 4 /g VS added ),.
The adjustment by non-linear regression of the experimental data cumulative specific methane production versus time allowed the calculation of the parameters k and B max for this first stage of methane production (Sigmaplot software 11.0). Table 4 During the first stage the ultimate methane production, B max , for the LF obtained after the pre-treatment was 441% (650 mL CH 4 /g VS added ) higher than that obtained for the SF (120 mL CH 4 /g VS added ) and 333% higher than that obtained for the untreated OMSW (154 CH 4 /g VS added ). These results agree with the great increase in easily degradable compounds in the LF after the SE pre-treatment and with the high percentage of complex substrates that still remain in the pre-treated SF, these facts made that the B max for the SF exhibited the lowest value.
For the second stage of methane production a logistic model (eq. 3) was used (Donoso-Bravo et al., 2010; Li et al., 2012) :
where: B 2 is the cumulative methane production during the second stage (mL The logistic model assumes the rate of methane production to be proportional to microbial activity, as represented by the amount of methane already produced, and to the substrate concentration (Altas, 2009) . This model has been previously used for evaluating methane production in batch anaerobic digestion experiments of various substrates such as landfill leachate, herbaceous grass materials, sewage sludge, etc. (Altas, 2009; Li et al.,2012; Nielsen and Feilberg, 2012; Rincón et al., 2013) . As can be seen in Figure 2 and Table 4 , the lag phase for untreated OMSW was almost the double of the lag phase obtained for the solid fraction after the SE pre-treatment. Long lag phases can lead to the generation of different inhibitor compounds that delay the startup of the second phase in the methane production (Donoso-Bravo et al., 2010) . The LF obtained after the pre-treatment had not even lag phase as an exponential model was enough to describe the kinetic behaviour of the biodegradation process. Therefore, the LF where all the soluble compounds were extracted had the fastest kinetic.
The maximum methane production rate, R m , for the SF (49 mL CH 4 /g VS d) was slightly higher than the R m obtained for the untreated OMSW (44 mL CH 4 /g VS d)
indicating the faster degradation of the SF obtained after the pre-treatment compared with the untreated OMSW. However, the maximum methane production obtained in the second stage or P was lower for the SF than for the untreated OMSW due to a great part of soluble compounds passed to the LF after the pre-treatment. The R m value found for the pre-treated SF was also of the same order of magnitude than that obtained for OMSW previously subjected to a conventional thermal pre-treatment at 120 ºC during 180 min (54 mL CH 4 /g VS d) (Rincón et al., 2013) . On the other hand, these R m values were quite higher than that obtained for grass (a mixture of Pennisetum americanum
and Pennisetum purpureanum) after conventional thermal pre-treatment in which temperature increase was controlled electrically during 30 min (12.7 mL CH 4 /g VS d) (Li et al., 2012 ). An increase in the R m value from 115.8 to 143.9 mL CH 4 /g VS d was also observed for primary sewage sludge that were subjected to a conventional thermal pre-treatment at 175 ºC during 30 minutes (Donoso-Bravo et al., 2010) .
Conclusions
Results from this study reveal that a SE pre-treatment of two-phase OMSW carried out at a temperature of 200 ºC and a pressure of 1.57 MPa during 5 minutes improves its anaerobic digestion process. A 60.9% increase in methane yield was achieved for the LF generated after the SE pretreatment compared to the value obtained for untreated OMSW in BMP tests carried out at a temperature of 35 ºC. The BMP curves for untreated OMSW and pre-treated SF showed two stages: a first exponential step followed by a sigmoidal phase after a lag period. By contrast, the BMP tests of the LF obtained after the SE pre-treatment showed only an exponential stage. is the ultimate methane production, k is the specific rate constant or apparent kinetic constant, B 0 is the cumulative methane production at the start-up of the second stage, P is the maximum methane production obtained in the second stage, R m is the maximum methane production rate and λ is the lag time. Parameters from the nonlinear regression fit: R 2 : coefficient of determination; S.E.E.: standard error of estimate. 
